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Abstract: We have developed an inductively coupled plasma etching technique 
using a Faraday cage to create suspended gallium-nitride devices in a single step.  
The angle of the Faraday cage, gas mix and chamber condition define the angle of 
the etch and cross-sectional profile, which can feature undercut angles up to 45o. 
We fabricate singly- and doubly- clamped cantilevers of triangular cross section 
and show they can support single optical modes in the telecom C-band.  
© 2019 The Author(s) 
OCIS codes: 130.3130 Integrated optics materials, 220.4241 Nanostructure 
fabrication 
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Modern semiconductor nanofabrication techniques can be used to create three-dimensional 
device geometries that support integrated photonic, electronic and mechanical functionalities. In 
silicon, the Bosch process can create devices with deep vertical sidewalls with an anisotropic etch 
or undercut surface layers using an isotropic etch. These etches can create acceleration sensors1, 
high-quality resonators that can be cooled to their vibrational ground state2 and advanced quantum 
photonic processors3 on the silicon platform. Alternatively, in the direct band-gap AlAs/GaAs 
system a strong hydrofluoric acid etch selectivity exists, which enables the creation of suspended 
photonic crystals, waveguides and mechanical resonators4, 5 containing integrated light sources in 
the near infra-red6. An open challenge is creating similar devices in wide-band-gap semiconductors 
that may operate in the visible spectral range. Recently, suspended 3D nanocavities have been 
fabricated in glass using angled focused ions beams7, but this can cause damage to the host material 
through ion implantation8. A promising alternative is the use of angled dry etching9, 10,11. 
Suspended beams have been fabricated in diamond by placing the sample inside a Faraday cage in 
an Inductively Coupled Plasma (ICP) chamber to undercut a lithographically defined resist 
pattern12. The Faraday cage deflects the ions causing them to impact on the sample at steep angles, 
removing material beneath a masked area. Etches within Faraday cages of triangular cross section 
have been used to create suspended devices with triangular cross section in diamond, quartz or 
silicon13.  
Gallium nitride (GaN) is a commercially important semiconductor with widespread use in solid 
state lighting, blue lasers, high speed and high power electronics. It has a wide direct band-gap of 
3.4 eV, a refractive index of 2.3 at 1550 nm, a large Pockel’s electro-optic effect and low 
absorption across the visible and near-IR part of the spectrum. In addition, heterostructures can be 
designed with light sources from the ultra-violet to the infra-red based on quantum wells14, 
quantum dots15 and color centers16. These properties make GaN a promising material for integrated 
photonics across a wide spectral range17.  
Suspended photonic devices in GaN have been fabricated using a multi-step reactive ion 
etching (RIE) or inductively coupled plasma (ICP) processes, typically resulting in near-vertical 
sidewalls18, 19. Firstly, a vertical etch is used to define a pattern in the GaN surface layer. Then a 
sacrificial layer beneath can be removed, for instance by using a photo-electro chemical etch of an 
InGaN sacrificial layer18,20. Alternatively, for GaN layers grown on a silicon substrate it is possible 
to selectively etch the silicon leaving a suspended GaN membrane21,22 .  
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Here we demonstrate a single step Faraday cage-assisted etch to create high contrast 
waveguides with triangular cross section. We report the conditions, cage design and processes to 
create free standing devices in GaN in a single step. Such technology could be used to create GaN 
micro-electro-mechanical systems (MEMS) or suspended photonic crystal lasers in this 
technologically important material.  
Figure 1 illustrates the concept of the Faraday cage assisted etch. Fig. 1a shows a cross-section 
of the cage within the ICP chamber containing a cage with triangular cross-section and a sample 
located in the center. Ions from the plasma are directed downwards by the field between the anode 
and cathode. As these ions are incident on the mesh covering the walls of the cage they are 
deflected from the vertical direction, being incident on the sample at an angle  relative to the 
normal. The resulting etch undercuts the resist to create the characteristic cross-sectional profile 
shown in Fig. 1b. We expect that region I (shown in Fig 1b) is bombarded with ions from the left 
and right sides of the cage, and so is etched to a depth of 2d. However, Region II is only bombarded 
with ions from the left, and thus is etched to a depth of d, as shown. The region III is protected by 
a hard resist, such as a layer of Nickel, which can subsequently be removed by acid. When the etch 
is dominated by the mechanical action of the ion impact, we expect the etch angle  to be 
determined by the trajectory of ions deflected by the mesh. The angle in the lower part of the etch 
profile, =tan-1((3tan)−), is plotted as a function of  in Fig1c.  
The cage we use for Fig 1 is shown in panel (d). It has a cross sectional profile of an equilateral 
triangle, and a length of 70mm, covered with a square pattern mesh of 0.25mm diameter wire and 
1.00mm apertures. The housing of the cage and mesh consists of aluminum 5056 alloy as is used 
in construction of the etch chamber walls, to prevent contamination of the system.  
We show in Fig1e a cross-sectional scanning electron microscope (SEM) image of GaN etched 
to a depth 2d = 1.56 m, using the cage described above. The profile of the etch is similar to the 
expected form with  = 30o. In practice, deviations from the profile shown in Fig 1b result from 
etching of the hard mask at its edges during long processes, which will tend to reduce the angle  
observed. In addition, as the etch progresses there will be edge effects deflecting the angle of the 
ions as they pass the edge of the Ni metal mask. Finally, this model assumes the mechanical part 
of the etch is dominant and does not include the effect of the chemical part of the etch process due 
to the chlorine ions. A detailed analysis of the deflection of ions in Faraday cage-ICP etching is 
given in Lataweica et al13. 
4 
 
From experiment we have noted that angle of the etch  achieved is always less than the angle 
the cage walls make to the cathode, suggesting the ions do not travel into the cage at right angles 
to the mesh. We have also noted that cages with the top support (shown in Fig 1a) achieve a higher 
angle , which we attribute to the prevention of vertical ion ingress through the cage apex. We 
have also noted the importance minimizing the presence of structured metal fixings on the cage. 
These fixings, such as the screws used to hold in place the mesh, tend to distort the field and deflect 
the ions undesirably, creating an uneven etch over the sample surface. 
To investigate the optimum conditions for etching we have carried out a study where we have 
varied the gas mix in the plasma, bias and plasma power in addition to changing the angle of the 
Faraday cage and mesh size. To illustrate some of the main findings we show in Fig2a images of 
a series of stripes etched into c-plane GaN-on-sapphire using nickel as a hard mask, with a 200W 
plasma power, 10mT field and a chlorine-argon gas mix. We use the ratio in which these gasses 
are introduced to the etch chamber to control the relative strength of the physical (anisotropic) and 
chemical (isotropic) etch for fixed plasma power. For Fig 2a, b the two gasses have equal pressure. 
In Fig2a the sample is etched with no cage present, so ions are incident on the semiconductor from 
the vertical direction, resulting in a cross-sectional profile which is wider at the bottom than the 
top, with an etch angle of -15o. The irregularities visible in the etched surface are due to 
dislocations in the GaN crystal. Figure 2b shows the same etch process run on an identical chip 
inside a cage with walls at 45o. We now see the characteristic cross-sectional profile illustrated in 
Fig1. Once again, the etch angle  =+22o is lower than the angle of the cage walls (45o). The etched 
surface away from the stripe is smoother than Fig2a, consistent across all samples we have studied. 
It is outside the scope of this work to quantify the roughness of this surface, but this may be an 
area of interest for future studies. Finally, we etched a sample in the same 45o cage but with a 5:1 
Cl2:Ar gas mix, but the same total pressure, to give an etch with a stronger chemical character. 
This gives a cross-sectional profile with vertical sidewalls,  =0o, which may be advantageous for 
the creation of photonic integrated circuits. Thus, even without structural changes to the cage it is 
possible to modify the etch angles by changing the gas mix. The greatest angle of etch we have 
been able to achieve is 40o with this cage. This opens the possibility of producing more complex 
etch profiles within a single etch by dynamically changing the gas mix. 
Using this cage-assisted etch process it is possible to create suspended GaN devices in a single 
step if the etch angle , the etch depth d, and the stripe width w, meet the condition 2dtan > w. A 
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series of samples were prepared with w = 1-2 m, which were etched in the Faraday cage with a 
equilateral triangle cross-section to create an etch with  = 30o, as shown in Fig 1c. This suggests 
that under these conditions the etch angle is close to half the cage angle, for the two cage designs 
tested.  These were etched to a depth of 2d = 2.00 m creating suspended beams with an equilateral 
triangular cross section, as shown in Fig 3. The beams may be clamped either at one end (a) or 
both ends (b), without collapsing. The residual “foot” of the etch with angle  is visible beneath 
the beam and becomes less prominent as the process time is increased. The mechanical stiffness 
of GaN allows the Ni mask to be removed with nitric acid without the surface tension causing 
collapse of the beams, as is often reported with suspended GaAs/AlAs devices. This 1-step etch 
process therefore provides a simple method to create cantilevers and suspended MEMS devices 
similar to those reported in silicon. However, GaN is a particularly stiff material hosting mature 
light emitting heterostructures and may offer new functionalities for opto-mechanical coupling. 
The suspended triangular beams we create here are expected to guide light with confinement 
provided by the index difference between GaN and the surrounding air or vacuum. We have 
calculated the optical eigenmodes of waveguides with an equilateral triangular cross-section with 
a side length w and a refractive index n = 2.30, suitable for GaN at a wavelength of  = 1550nm 
(a schematic is inset in Fig. 4a).  Fig 4(a) shows the effective index of the waveguide mode as a 
function of the triangle size w.  For the TE polarization, a single mode exists for equilateral 
triangular widths between w = 500 – 850 nm, whereas the TM polarization has a single mode 
between w = 480 – 710 nm.  Figure 2(b) and (c) shows the field profiles for the fundamental (and 
only) mode for triangular waveguides with a width w = 700nm.  The modes are highly confined to 
the waveguide core. Whilst the angled etch is essential to create a suspended structure it may not 
be optimal for the optical performance of a waveguide, which will be the focus of future work.  
In conclusion, we have presented a Faraday cage-assisted process to etch GaN with a controlled 
angle of undercut. We have shown that by adjusting the gas mix in the ICP chamber it is possible 
to vary the etch angle without changing the cage design. We have created suspended GaN nano-
cantilevers with triangular cross section. Simulations show these can support single optical modes 
in the near infrared, with potential for integrated photonics that exploits the advantageous optical 
properties of GaN. Future work may focus on the creation of 1-D photonic crystals in suspended 
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GaN devices. It is also possible to consider alternative designs of Faraday cage, such as conical 
cages, to create undercut devices with cylindrical symmetry.  
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Figure 1 
 
 
 
Figure 1. (a) Cartoon of the cross section of the etch chamber containing the Faraday cage, with 
the GaN samples at its center. (b) Schematic showing how ions directed at steep angles  cause 
the characteristic undercut profile. (c) plot of the etch angles  and  predicted. (d) A photograph 
of the triangular Faraday cage with a UK ten-pence coin for scale (diameter 24.5mm).  (e) A 
scanning electron micrograph of a cleaved edge of a GaN waveguide sample etched in the cage to 
a depth 2d = 1.56 m.  
 
 
8 
 
Figure 2 
 
 
Fig 2. (a) A stripe etched without the cage present, showing an etch angle of -15o typical of ICP 
etched GaN. (b) An etch with the sample in a 45o cage and the same 1:1 Cl2:Ar gas mix leading to 
a -22o etch.(c) etch within a 45o cage with a 5:1 Cl2:Ar mix to give a = 0o etch profile. 
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Figure 3 
 
 
Fig 3. (a) A free-standing singly clamped triangular cantilever 1 m in width and 35 m in 
length, suspended 2 m above a planar layer, etched inside Faraday cage with an equilateral 
triangular cross section. (b) A suspended doubly-clamped cantilever of 2 m width. 
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Figure 4 
 
 
Figure 4. Calculations of waveguides with an equilateral triangular cross-section.  (a) Effective 
index of the waveguide modes (blue: TE, red: TM) as a function of the waveguide size.  Inset: 
schematic of calculation.  (b-c) The mode profiles for the fundamental TE mode (b) and TM mode 
(c). 
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